[1] The cost of three-dimensional seismic-reflection 9 surveys is approximately inversely proportional to the 10 square of the target depth, which renders ultra-shallow 3-D 11 surveys uneconomical when employing conventional 12 acquisition methods. We developed instrumentation that 13 automatically deploys an array of geophones for efficient 14 acquisition of shallow 3-D seismic reflection data. The 15 components of the instrumentation are: a rigid-steel 16 platform used for positioning, planting, and transporting 17 geophones; a hydraulically controlled mechanism for 18 decoupling the geophones from the platform during 19 seismic-data recording; and a 2-D array of 72 geophones. [Lanz et al., 1996; Büker et al., 1998; 42 Bachrach and Mukerji, 2001, 2004]. The fundamental 43 barrier to shallow 3-D surveys has been the cost of 44 emplacing large numbers of geophones in a 2-D grid pattern 45 with intervals of the order of a few tens of centimeters. In 46 fact, the cost of a survey is inversely proportional to the 47 square of the distance between geophones. In other words, 48 to perform a 3-D survey in a particular fixed-size area, 49 the cost of planting a 2-D array of geophones on a 50 10-centimeter interval is 100 times as much as planting a 51 2-D array of geophones on a one-meter interval. for only a small fraction of the time and effort required to GEOPHYSICAL RESEARCH LETTERS, VOL. 33, LXXXXX,
[2] Over the past two decades, three-dimensional (3-D) 36 seismic reflection surveys have become a standard, if not 37 essential, part of hydrocarbon exploration. Though the 38 fundamental geophysical principles are the same as 39 for deeper seismic surveys, there are very few examples 40 of 3-D seismic surveys with target depths of a few meters to 41 tens of meters [Lanz et al., 1996; Büker et al., 1998; 42 Mukerji, 2001, 2004] . The fundamental 43 barrier to shallow 3-D surveys has been the cost of 44 emplacing large numbers of geophones in a 2-D grid pattern 45 with intervals of the order of a few tens of centimeters. In 46 fact, the cost of a survey is inversely proportional to the 47 square of the distance between geophones. In other words, 48 to perform a 3-D survey in a particular fixed-size area, 49 the cost of planting a 2-D array of geophones on a 50 10-centimeter interval is 100 times as much as planting a 51 2-D array of geophones on a one-meter interval. [9] 1) A rigid platform consisting of two vertically 124 stacked steel frames used for positioning, planting, and 125 transporting the 2-D array of geophones ( Figure 1a ). Each 126 frame is 2.3 Â 1.1 m and consists of six rows of 5.1 cm 127 square steel tubing equally spaced at 0.2 m centers. The 128 upper frame is used to transport and position the instru-129 mentation and to press the geophones into the ground. The 130 lower frame keeps the geophones vertical during planting 131 and lifts the geophones off the ground when data have been 132 collected. The lower frame has seventy-two 3.8 cm diameter 133 holes drilled at 20 cm centers forming a 12 Â 6 grid of 134 receiver locations. Each hole allows the body of a 100-Hz 135 Mark Products L-40A geophone casing to slide in the 136 square tubing frame (Figure 1b ).
137
[10] 2) Four hydraulic cylinders control the vertical 138 separation between the two steel frames. The hydraulic 139 cylinders are controlled by a four-way split-flow valve 140 system allowing simultaneous operation by a single control. 141 When the cylinders contract, the gap between the upper and 142 lower frame closes and the geophones are firmly held 143 between the frames (Figures 1a and 1d) . At this position, 144 the array can be transported, positioned, and planted. When 145 the cylinders expand, the frames move apart and the geo-146 phones are allowed to decouple from the frames and move 147 freely ( Figures 1c and 1e) ; in this position, seismic data can 148 be recorded without interference from the frames.
149
[11] 3) A 2-D array of seventy-two 100-Hz Mark Prod-150 ucts L-40A geophones with 20.3 cm (8 inch) long spikes; 151 the geophones are spaced 20 cm apart in the inline (6 rows 152 of geophones) and crossline (12 rows of geophones) ori-153 entations. The 20.3 cm spikes (as opposed to 12.5 cm 154 conventional spikes) are designed to provide sufficient 155 height for the geophone body to clear the lower frame 156 when planted in the ground and sufficient spike length for 157 secure coupling into the ground (Figures 1c and 1e) . The 158 depth of spike planting is adjustable and controlled by 159 guides attached to the four corners of the upper frame 160 (Figures 1a and 1d) . 
216
[18] Figure 2 displays the seismograms recorded from the 217 hand-planted control line and the array of automatically 218 planted geophones. Both sections show raw field data with 219 automatic gain control (AGC) applied for display purposes. 220 The two recordings display similar reflections, direct waves, 221 refractions, and surface waves, and the data quality is 222 comparable. The water table reflection is prominent in both 223 sections at approximately 20 ms (Figure 2) . The frequency 224 content of the two sections is also comparable (Figure 3) . 225 No interfering modes from the acquisition instrumentation 226 are evident in the array-planted geophones with the excep-227 tion of traces at offsets 8.6, 9.0 and 10.2 m (Figure 2b) . 228 These three noisy traces correspond to geophones that on 229 occasion did not decouple from the bars due to a tight fit to Ground roll is observed at 70-100 ms time.
